Divergence in gene expression regulation is common between closely related species and may give 19 rise to incompatibilities in their hybrid progeny. In this study, we investigated the relationship 20 between regulatory evolution within species and reproductive isolation between species. We focused 21 on a well-studied case of hybrid sterility between Mimulus guttatus and M. nasutus, two closely 22
related yellow monkeyflower species, that is caused by two epistatic loci, hybrid male sterility 1 23 (hms1) and hybrid male sterility 2 (hms2). We quantified and compared global transcript abundance 24 across male and female reproductive tissues (i.e. stamens and carpels) of M. guttatus and M. nasutus, 25 as well as sterile and fertile progeny from an advanced M. nasutus-M. guttatus introgression line that 26 carries the hms1-hms2 incompatibility. We observed substantial variation in transcript abundance 27 between M. guttatus and M. nasutus, including distinct but overlapping patterns of tissue-biased 28 expression, providing evidence for regulatory divergence between these species. Furthermore, we 29 found pervasive genome-wide misexpression exclusively associated with hybrid sterility -only 30 observed in the affected tissues (i.e. stamens) of sterile introgression hybrids. Examining patterns of 31 allele-specific expression in sterile and fertile hybrids, we found evidence of cis-and trans-32 regulatory divergence, as well as cis-trans compensatory evolution (likely to be driven by stabilizing 33 selection). However, regulatory divergence does not appear to cause misexpression in sterile hybrids, 34 which instead likely manifests as a downstream consequence of sterility itself. 35
INTRODUCTION 37
Closely related species often show considerable regulatory divergence -that is, they have 38 accumulated differences in the cis-acting DNA sequences or trans-acting factors that regulate gene 39 expression (Tautz, 2000; Wray et al., 2003) . As with any epistatic loci, divergence in interacting 40 regulatory elements might lead to incompatibilities in the hybrid progeny of interspecific crosses 41 (Dobzhansky, 1937; Muller, 1942; Mack & Nachman, 2017) . These hybrid incompatibilities might 42 arise due to independent substitutions in distinct lineages, with genetic drift or selection increasing 43 the frequency of a derived allele at a cis-acting locus in one species and a trans-acting partner locus 44 in the other. In the classic Dobzhansky-Muller Model, these derived alleles are neutral or favored on 45 their own, but cause aberrant gene expression when combined in hybrids. Alternatively, hybrid 46 incompatibilities might arise because of coevolution between cis-and trans-elements within a single 47 lineage. Stabilizing selection to maintain optimal levels of transcription, which favors cis-and trans-48 regulatory variants that compensate for each other, appears to be an important force shaping gene 49 expression evolution (Gilad et al., 2006; Tirosh et al., 2009; Goncalves et al., 2012; Coolon et al., 50 2014; Mack et al., 2016) . Thus, even when transcript abundance for a particular gene does not differ 51 between species, the underlying regulatory components controlling its expression might have 52 diverged (Tautz, 2000; True & Haag, 2001; Wray et al., 2003) . This process of compensatory 53 evolution in gene regulatory networks, which is likely to affect different sets of genes in diverging 54 lineages, has been proposed as a major source of hybrid incompatibilities between species (Landry 55 et al., 2005; Takahasi et al., 2011) . 56
A promising approach to disentangle the causes of hybrid incompatibilities from their 69 downstream effects is to examine interspecific gene expression variation associated with particular 70 genomic regions. Although most studies of regulatory divergence compare gene expression profiles 71 between parental species and F1 hybrids, a handful have used introgression lines (Lemos et al., 2008; 72 Meiklejohn et al., 2014; Guerrero et al., 2016) or recombinant mapping populations (Turner et al., 73 2014) , which can facilitate investigations into whether gene regulation and hybrid dysfunction have a 74 shared genetic basis. With the introgression approach, it is possible to examine the regulatory effects 75 of small genomic regions from one species on the genetic background of another species, and vice 76 versa. Additionally, comparing the regulatory effects of introgressions with and without hybrid 77 incompatibility phenotypes can address the generality of misregulation as a cause of hybrid 78 dysfunction (Guerrero et al., 2016) . 79
To investigate the link between regulatory divergence and hybrid dysfunction, we exploited a 80 well-studied hybrid incompatibility system between two closely related species of monkeyflower 81 (Mimulus) . Previously, we discovered severe male sterility and partial female sterility in hybrids 82 between Mimulus guttatus (IM62 inbred line) and M. nasutus (SF5 inbred line) (Sweigart et al., 83 2006) and fine-mapped the effects to two small nuclear genomic regions of ~60 kb each on 84 chromosomes 6 and 13 (Sweigart & Flagel, 2015) . Hybrids that carry at least one incompatible M. 85 guttatus IM62 allele at hybrid male sterility 1 (hms1) on chromosome 6 in combination with two 86 incompatible M. nasutus SF5 alleles at hybrid male sterility 2 (hms2) on chromosome 13 display 87 nearly complete (>90%) pollen sterility, whereas other allelic combinations are highly fertile 88 (Sweigart et al., 2006; Kerwin & Sweigart, 2017) . Here, we took advantage of SF5-IM62 89 introgression hybrids, formed through multiple rounds of selection for pollen sterility and 90 backcrossing (as the female parent) to M. nasutus SF5 (Figure 1 ). This recurrent selection with 91 backcrossing (RSB) population maintains a heterozygous IM62 introgression on chromosome 6 (that 92 contains the hms1 locus) against an otherwise SF5 genetic background (including at hms2). Each 93 generation, RSB progeny segregate ~1:1 for sterility to fertility, depending on whether they inherit a 94 copy of the incompatible IM62 hms1 allele. Additionally, nearly all RSB hybrids are expected to 95 carry a heterozygous IM62 introgression on chromosome 11 surrounding the female meiotic drive 96 locus D, which is transmitted to >98% of progeny when an SF5-IM62 F1 hybrid acts as the maternal 97 parent (Fishman & Willis, 2005) . Thus, this crossing scheme produces two classes of progeny: sterile 98 (STE) individuals that carry two heterozygous introgressions (on chromosome 6 with hms1 and on 99 chromosome 11 with D) and fertile (FER) individuals that carry a single introgression (on 100 underlying regulatory networks while conserving gene expression levels (True & Haag, 2001; 299 Landry et al., 2005) . Indeed, eliminating the four-fold threshold cutoff (which we did when 300 categorizing patterns of regulatory divergence), raised the percentage of differentially expressed 301 genes between species to 50%. Extensive expression divergence over short evolutionary timescales 302 has also been observed in animals (Rottscheidt & Harr, 2007; Renaut et al., 2009; Coolon et al., 303 2014) and other plant systems (Fujimoto et al., 2011; Combes et al., 2015) . However, we note that 304 because nucleotide divergence between these Mimulus species barely exceeds diversity within M. 305 guttatus (ds = 4.94% and πs-M. guttatus = 4. 91%, Brandvain et al., 2014) , much of the observed 306 expression variation between M. guttatus IM62 and M. nasutus SF5 might be segregating within 307 species. We also observed more tissue-biased gene expression in M. guttatus than in M. nasutus (see 308 Figure 3 : IM62 has >50% more genes with carpel-and stamen-biased expression). An intriguing 309 possibility is that this difference that might reflect divergence in reproductive traits associated with 310 the species' distinct mating systems. 311
Our targeted look at gene expression in two heterozygous introgressions suggests that 312 regulatory differences between Mimulus species are often due to divergence in trans-factors. This 313 finding runs counter to the expectation that interspecific regulatory variation should be influenced 314 primarily by changes to cis-regulatory sequences, which have fewer pleiotropic effects (Wray et al. 315 2003 , Wittkopp et al. 2008 . However, it is in agreement with several recent studies showing that cis-316 changes do not always predominate between closely related species (McManus et al., 2010; 317 Meiklejohn et al., 2014; Combes et al., 2015; Guerrero et al., 2016; Metzger et al., 2017) . When two 318 lineages have split only recently, some of their regulatory differences might still be polymorphic 319 within species, with purifying selection having had insufficient time to remove deleterious trans-320 regulatory variants. This argument, along with evidence that mutations in trans-factors arise more 321 frequently (Landry et al., 2007) , might explain the higher contribution of trans-acting factors to 322 regulatory variation observed within species (Wittkopp et al., 2008; Emerson et al., 2010) , as well as 323 between closely related species. In the case of the two Mimulus species studied here, an additional 324 factor may influence the predominance of trans-regulatory divergence: deleterious mutations might 325 be particularly likely to accumulate in M. nasutus because of its shift to self-fertilization. Indeed, this 326 species shows genomic signatures that indicate a reduction in the efficacy of purifying selection 327 (Brandvain et al., 2014) , an expected outcome of the lower effective population size and 328 recombination rate that accompanies the evolution of selfing (Nordborg, 2000; Charlesworth & 329 Wright, 2001) . 330 becomes much more similar to parents (Wei et al., 2014) . Like with the hms1-hms2 incompatibility 364 in Mimulus, this result suggests a large effect of the Hmr gene on genome-wide hybrid misexpression 365 in Drosophila. A similar result was also seen in a previous study of M. nasutus-M. guttatus F2 366 hybrids: the number of differentially expressed genes between parents and lethal F2 seedlings, which 367 lack chlorophyll due to a two-locus hybrid incompatibility, is much higher than between parents and 368 viable F2 seedlings (Zuellig & Sweigart, 2018) . Taken together, these studies suggest that caution is 369 needed when assigning a cause to hybrid gene misexpression. At the same time, it is important to 370 note that our results do not rule out regulatory divergence as a cause of Mimulus hybrid 371 incompatibilities in particular cases. 372
In addition to the main findings just discussed, our study has revealed a dramatic suppression 373 of recombination in the RSB introgression population. Despite eight rounds of backcrossing to M. 374 nasutus, the heterozygous introgressions on chromosomes 6 and 11 remain quite large (7 Mb and 23 375 Mb, respectively). With uniform recombination rates and Mendelian transmission, RSB7 individuals 376 are expected to be heterozygous along ~0.2% of their genome, which equates to a maximum 377 introgression size of ~0.625 Mb (M. guttatus genome ~312 Mb). Suppressed recombination rates on 378 chromosome 6 were observed previously, in an earlier generation of the RSB population (Sweigart et 379 al., 2006) . At the time, we speculated that low recombination might be a direct cause of the hms1-380 hms2 incompatibility -perhaps due to a meiotic defect. However, follow-up work performing 381 testcrosses with F2 hybrids that carried either incompatible or parental genotypes at hms1 and hms2 382 showed no effect of the hms1-hms2 incompatibility on recombination rates (data not shown). 383 Additionally, we have observed a similar reduction in recombination in heterospecific introgressions 384 when attempting to generate nearly isogenic lines using other Mimulus accessions that lack the hms1-385 hms2 incompatibility. An alternative explanation for the suppressed recombination on chromosomes 386 6 and 11 is that local sequence diversity affects recombination in Mimulus. In our crossing scheme, 387 nucleotide diversity between chromosome homologs was much higher in heterospecific 388 introgressions than in adjacent isogenic regions. Thus, if sequence diversity affects the likelihood of 389 DNA double-strand breaks and/or crossover events, as it does in mice (Li et al., 2018) , we would 390 expect much lower recombination in the heterozygous introgressions. Given the extraordinarily high 391 nucleotide diversity within M. guttatus (Brandvain et al., 2014; Puzey et al., 2017) , if this 392 explanation is correct, we might expect extensive natural variation in recombination rates even 393 within species. 394
Finally, we note that our study has shortened the list of likely candidate genes for causing the 395 hms1-hms2 incompatibility. Previously, we mapped hms1 to an interval containing 11 annotated 396 the initial SF5 alignment, we eliminated optical and PCR duplicates using the MarkDuplicates tool 494 from Picard (http://broadinstitute.github.io/picard) and removed reads with an alignment quality 495 below Q30 using the view command from SAMtools (Li et al., 2009 ). Next, we generated a set of 496 high-quality SF5 single nucleotide polymorphisms (SNPs) to use in pseudoreference genome 497 construction. First, we used GATK's HaplotypeCaller in GVCF mode followed by GATK's 498 GenotypeGVCFs to identify phased SNP and insertion/deletion (indel) variants in the SF5 alignment 499 (McKenna et al., 2010; Poplin et al., 2017) . Next, we extracted biallelic SNPs using GATK's 500
SelectVariants tool and filtered out sites with a mapping quality (MQ) below 40 or quality by depth 501 (QD) below two using GATK's VariantFiltration. We used this filtered biallelic SNP VCF file to 502 generate a M. nasutus pseudoreference using GATK's FastaAlternateReferenceMaker tool. 503
To increase mapping fidelity, we aligned our RNAseq reads against the appropriate 504 reference: samples from the IM62 parent were aligned to the M. guttatus v2.0 reference genome and 505 all other samples were aligned to the M. nasutus pseudoreference. Before mapping, we trimmed 506 adapter sequences and low-quality bases, then filtered out processed reads shorter than 36 bp using 507 Trimmomatic (Bolger et al., 2014) (Table S1 ). The resulting 36-50-bp single-end RNAseq reads 508 were aligned to the M. guttatus v2.0 reference genome with STAR in the multi-sample 2-pass 509 mapping mode (Dobin et al., 2013; Dobin & Gingeras, 2015) . Transcriptome alignments were 510 filtered similarly to genome alignments, with one additional step. We removed optical and PCR 511 duplicates with the MarkDuplicates command from Picard (http://broadinstitute.github.io/picard), 512 then used the SplitNCigarReads command from GATK to parse intron-spanning reads into exon 513 segments and trim bases extending into intronic regions (McKenna et al., 2010) . Finally, we removed 514 reads with an alignment quality below Q30 using the view command from SAMtools (Li et al., 515 2009) . 516 517
Variant calling and identification of introgression boundaries in RSB samples 518
We used the GATK HaplotypeCaller tool in GVCF mode to call single nucleotide polymorphisms 519 (SNPs) and insertions/deletions (indels) in the processed RNAseq alignment files. Variant calling 520 from transcriptome data is dependent on transcript abundance, which can vary across genotypes and 521 tissues. To increase our power to call variants in our 24 RNAseq samples, we simultaneously 522 genotyped them alongside SF5 and IM62 DNAseq samples (SRR400478 and SRR052268) with the 523 GATK GenotypeGVCF tool. Following joint genotyping, we performed a series of filtering steps 524 using GATK and bcftools. First, sites with a mapping quality (MQ) score below 30 or quality by 525 depth (QD) below two were filtered from the multi-sample variant call file (VCF). Then, for each 526 allele-specific count data to a GLM then performed likelihood ratio tests using the glmFit and 592 glmLRT functions in edgeR. We categorized genes as having significant allelic imbalance within a 593 genotype-by-tissue group if the log2 transformed ratio of allele-specific transcript abundance was 594
Sample Tissue
Migut. F01605
Migut. F01606
Migut. F01607
Migut. F01608
Migut. F01609
Migut. F01610
Migut. F01611
Migut. F01612
Migut. F01613
Migut. F01614
Migut. Scatterplot shows relative transcript abundance (log2 fold-change (FC)) between stamen and carpel tissues in the SF5 and IM62 parents. Of the 21,147 genes expressed in our dataset, 2038 (9.6%) were stamenbiased (log2 FC>2, FDR≤0.05; top right quadrant green points) and 1355 (6.4%) were carpel-biased (log2 FC<-2, FDR≤0.05; bottom left quadrant green points), in both parents. An additional 598 (2.8%) and 686 (3.2%) genes were stamen-and carpel-biased, respectively, only in SF5 (blue points), while 922 (4.4%) and 1046 (4.9%) genes were stamen-and carpel-biased, respectively, only in IM62 (yellow points). A few genes exhibited opposing tissue-biased expression patterns in SF5 and IM62 (purple points): 9 (0.05%) were stamen-biased in SF5 and carpel-biased in IM62 while 11 (0.05%) were carpel-biased in SF5 and stamen-biased in IM62. The remaining 14,482 (68.5%) genes were evenly expressed between parental tissues (grey points). Table S2 for description). 
